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TABLE II
ATDMA CELL TYPES AND MODULATION SCHEMES,N OTE THAT SYMBOL
RATES REFER TO OFFWSET RATES WHICH ARE TWICE AS HIGH AS THE
EQUIVALENT NONOFFSET MODEM DISCUSSED IN THIS PAPER
is the probability density function (pdf) of the received SNR
and is the average received SNR, if
the instantaneous signal amplitude is Rayleigh distributed,
obeying
(4)
while is the average signal power. The individual terms
constituted by integrals characterize the received signal level
domains, where the 1, 2, 4, and 6 bits/symbol TS’s of (1)
are used. In [15] and [16], the latency performance of these
schemes was quantiﬁed and frequency hopping as well as
statistical multiplexing were proposed to mitigate its latency
and buffer requirements.
In this contribution we focused our attention on the op-
timum choice of adaptive modem switching levels required
to maintain target BER’s of 1 and 0.01%, respectively, un-
der interfered conditions. Our experiments were conducted
within the framework of the advanced time-division multiple-
access (ATDMA) [21], [22] scheme, for which the cell types
and modulation schemes are summarized in Table II. In our
cochannel interference investigations the signal was transmit-
ted through a 10-ms vehicular-speed Rayleigh channel and
the interference was faded through an independent 1-ms
channel.
Following a brief discussion on the effects of adjacent
and cochannel interference (CCI) in Section II, the CCI per-
formance of adaptive modems is quantiﬁed in Section III.
An interference cancellation scheme and its performance are
characterized in Section IV, while the channel capacity of the
proposed adaptive schemes is analyzed in Section V. We offer
some concluding remarks in Section VI and some hints on
our future work.
II. INTERFERENCE RESISTANCE OF CONVENTIONAL
MODEMS OVER RAYLEIGH CHANNELS
In this section, we initially quantify the interference re-
sistance of conventional time-invariant modems in a TDD
scenario under the worst case conditions, where both the signal
and interferer are exposed to Rayleigh fading. There is no
evidence to support any signiﬁcant correlation between the
Doppler frequencies of the wanted and interfering signals.
The only exception to this is during the downlink, where
the correlation bandwidth is wide enough, and hence two
channels adjacent in frequency and in the equivalent time
slots could have fading with the same Doppler frequencies.
This would result in the generally favorable situation where
high interference levels are temporally correlated with high
(a) (b)
Fig. 1. BER performance of various modulation schemes through a Rayleigh
channel with Rayleigh interference.
received-signal levels. This situation is not representative
and therefore no general correlation is expected between the
interference and signal levels.
In order to evaluate the performance of BPSK, QPSK, and
square 16- and 64-QAM in Rayleigh channels with single
Rayleigh interferers, a series of simulations was conducted. To
ensure that the interference levels were uncorrelated with the
signal levels, channels exhibiting different Doppler frequencies
were used for the signal and interferer. However, using a
channel with the same Doppler frequency for the signal
and the single interferer gave comparable results to using
different Doppler frequencies, if there was sufﬁcient temporal
decoupling between the fading of the signal and that of the
interference. The experiments were conducted for SNR values
between 0–50 dB, and the range of SIR values encompassed 9,
19, and 29 dB for BPSK, 9, 19, 29, 39, and 49 dB for QPSK,
19, 29, and 39 dB for square 16-QAM and 29, 39, and 49
dB for square 64-QAM. Adjacent and cochannel interference
were investigated in isolation and in every case the signal
was transmitted through a 10-m/s vehicular-speed Rayleigh
channel, while the interference was faded employing a 1-m/s
channel. An example of the results is shown in Fig. 1.
Fig. 1(a) shows the performance of QPSK through a
Rayleigh channel with Rayleigh fading adjacent channel
interference (ACI). The results for identical levels of cochannel
interference (CCI) were indistinguishable from these per-
formance curves. The BER performance is independent of
the type of interference in the Rayleigh case, because the
ﬂuctuation in signal and interference is so large that the ﬁne
structure of the interference becomes insigniﬁcant. It can be
seen from Fig. 1(a) that for all signal-to-adjacent channel
interference ratios (and, therefore, also for the same
cochannel interference ratios ) there is some observable
residual BER. Fig. 1(b) shows the performance for all the
schemes at 29 dB , which also exhibits a residual BER.
Table III displays the residual BER’s, and the SNR’s at which
they occur for various modulation schemes with various levels
of ACI and CCI.
In a practical system there will be combinations of co-
and/or adjacent-channel interferers. Multiple interferers will
result in both the ACI and CCI becoming more noise-like due
to the central limit theorem, exhibiting a Gaussian-like pdf.
Hence, for a given SIR with six interferers, as proposed by Lee
[17], the performance degradation is likely to be less dramatic
than introduced by a single interferer with the same SIR, which1530 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 48, NO. 5, SEPTEMBER 1999
Fig. 4. Downlink BER over a slow Rayleigh fading channel with 1 dB SIR
at the MS and independent Rayleigh fading interference at the BS with SIR’s
of 0, 10, 20, 30, and 1 dB with adaptive speech system mean BER switching
levels. The interference at the BS affects only the channel-quality estimates.
Fig. 5. Downlink BER over a slow Rayleigh fading channel with 1 dB SIR
at the MS and independent Rayleigh fading interference at the BS with SIR’s
of 0, 10, 20, 30, and 1 dB with adaptive computer-data system mean BER
switching levels. The interference at the BS affect only the channel-quality
estimates.
Considering this hypothesis, experiments were conducted,
which considered the downlink BER over a Rayleigh fading
channel with dB SIR at the mobile station. The channel was
assumed to fade slowly and the estimates of the channel gain
made at the base station were performed in the presence of a
single independent Rayleigh fading interferer. The experiments
were conducted with SIR’s of 0, 10, 20, 30, and dB for
both the speech optimized switching levels and the computer
data optimized switching levels.
The results are shown in Figs. 4 and 5. There are two
types of curves in the ﬁgures, namely, the bit-error rate (BER)
and the bits-per-symbol (BPS) curves, which are scaled on
the left and right vertical axes, respectively. Let us initially
consider the interference-free curves associated with an SIR
of As mentioned in the Section I, we contrived a 1%
BER adaptive speech system and a higher integrity 0.01%
BER data system. The adaptive modulation scheme switching
levels were optimized by Powell’s optimization technique [18]
or maintaining these target BER’s over fading channels. As the
average channel SNR improved, the adaptive modem was able
to employ higher order constellations and this improved the
average BPS modem performance. For high average SNR’s,
however, the BPS performance saturated at 6 bits/symbol
and the BER curves decayed below the target BER’s, since
for reasons of moderate complexity the adaptive scheme was
unable to opt for more than 6-bits/symbol constellations.
From Figs. 4 and 5 we infer that as the uplink SIR increases,
the BER reduces at all SNR’s. Observe that the computer
data system is most sensitive to uplink interference with
several orders of magnitude BER performance degradation,
for all SNR’s of interest, at 0-dB SIR and at least one order
of magnitude BER performance degradation, for all SNR’s
of interest, at 10-dB SIR. The maximum BER performance
degradation with the speech system is one order of magnitude
at 0-dB SIR and at lower SNR’s the degradation is less than
a factor of two.
The consequence of uplink interference on the BPS per-
formance is less dramatic than on the BER performance,
as evidenced by Figs. 4 and 5. However, for both systems
at low SIR and SNR, the average throughput is mistakenly
increased due to the interference-boosted received signal levels
and, therefore, less robust modulation schemes are employed
more often than expected with the given (optimized) switching
levels, if the uplink SIR was inﬁnite. This is an explanation
for the increased BER, when both the SIR and SNR are low
for the speech and computer data schemes.
Note in Figs. 4 and 5 that at low SIR’s and high SNR’s
the average BPS performance is reduced, implying that more
robust modulation schemes are employed more often in com-
parison to when the uplink SIR is inﬁnite. At ﬁrst sight,
this reduction in BPS performance is not consistent with the
reduced BER performance, i.e., higher BER’s, observed under
such conditions. However, although the average throughput is
reduced, and on average more robust modulation schemes are
employed, the interference results in the base station failing to
identify the depth of some fades and hence employing a higher
order modulation scheme with insufﬁcient protection. This
generates small bursts of errors that increase the average BER.
These error bursts have less signiﬁcance, when the average
BER is relatively high. Therefore, at the SNR’s shown in the
ﬁgures, the detrimental effect of reduced uplink SIR’s in the
computer data system is more noticeable than in the speech
system.
The preceding discussions can be summarized by stating
that the adaptive modulation’s downlink performance is de-
graded, even in the absence of interference at the mobile, by
interference at the base station, because the uplink interfer-
ence results in the channel estimation being corrupted and a
suboptimum modulation scheme being employed.
There are two modes of this misestimation of the channel
amplitude gain, which will be discussed here. Considering the
model of the interference presented in Fig. 3(a), the two modes
correspond to the cases when the condition is met
and when it is not. In the former case, the Rayleigh faded up-
link interference results in an approximately equal probability
of over- and underestimation of the channel amplitude gain.
This is because the component of perpendicular to
becomes negligible. Figs. 4 and 5 reveal that the 0-dB SIR
BPS curve behaves differently from the 10-, 20-, 30-, and -
dB SIR curves by not converging with the others at low SNR’s.
Therefore, it is concluded that the condition is
not true for 0-dB SIR, but it holds for 10-dB SIR.1538 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 48, NO. 5, SEPTEMBER 1999
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Fig. 15. Numerical and simulated performance of ﬁxed-modulation schemes in Gaussian channels with the same modulation scheme interfering at various
SIR values, when ￿ =0 :35 and no interference cancellation. (a) BPSK. (b) QPSK. (c) Square 16-QAM. (d) Square 64-QAM.
performance of square 16- and 64-QAM with perfect channel
estimation for both the interfered and the interfering channel
(continuous line) and using the mid-amble to estimate the
interfering channel (symbols). Again, it can be observed that
the deterioration in performance resulting from using the mid-
amble to estimate the channel is negligible.
Speciﬁcally, Fig. 13(a) shows the BPSK performance for
SIR’s greater than 0 dB, and Fig. 13(b) portrays the QPSK
performance for SIR’s greater than 3 dB, since the theory
presented above is only valid for these respective ranges. For
SIR’s below these values there would be a residual BER even
with inﬁnite SNR. In Fig. 14(a) and (b) the same SIR values
are used as in Fig. 15, because the results were generated
by simulation and. therefore. there was no restriction upon
the SIR that could be evaluated. It should be noted that in
Fig. 14(a), the performance at 5- and 12-dB SIR, respectively,
is better than at 10- and 13-dB SIR in the high average channel
SNR range. This results from the complicated interaction of
the combined signal and interference constellation
points. When the maximum interference amplitude is higher
than the distance between the square 16-QAM signal constel-
lation points, the combined constellation points overlap for
different values.
Having veriﬁed the model for interference cancellation with
BPSK and QPSK, and shown that employing a mid-amble to
estimate the phase and amplitude of the interfering channel, the
performance of the ﬁxed-modulation schemes over Gaussian
channels is compared with and without interference cancel-
lation. This is achieved by comparing Figs. 13 and 14 with
Fig. 15. The effect of the interference cancellation upon the
BPSK and QPSK modulation schemes is most signiﬁcant at
low SIR’s and low SNR’s. Fig. 13(a) compared with Fig. 15(a)
reveals that at 1-, 2-, 3-, 4-, and 5-dB SIR, the SNR required for
BER’s in the region of 2–5% is reduced by as much as 3 dB by
employing interference cancellation within BPSK modulation.
Similar gains are recorded for QPSK by comparing Fig. 13(b)
with Fig. 15(b). What is not shown is how the BER’s are
reduced at SIR’s below 3 dB since, as stated above, the
theoretical approach for evaluating the BER performance is
not applicable at low SIR’s.
However, for square 16- and 64-QAM the performance
gains achieved using interference cancellation are more strik-1540 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 48, NO. 5, SEPTEMBER 1999
TABLE IX
BER REDUCTION DUE TO INTERFERENCE CANCELLATION WITH FIXED MODULATION SCHEMES TRANSMITTED THROUGH A
SLOW RAYLEIGH FADING CHANNEL WITH A SINGLE INDEPENDENT SLOW RAYLEIGH FADING INTERFERER,U SING THE
MID-AMBLE TO ESTIMATE THE INTERFERING CHANNEL AND PERFECT ESTIMATES FOR THE WANTED CHANNEL
(a) (b)
(c) (d)
Fig. 17. Simulated performance of ﬁxed-modulation schemes in Rayleigh channels without interference cancellation at various SIR values, where the
interfering modulation scheme was the same as the useful signal and received over an independent Rayleigh channel. ￿ =0 :35 was used. (a) BPSK.
(b) QPSK. (c) Square 16-QAM. (d) Square 64-QAM
plexity increases. The latter phenomenon can be explained
by considering Figs. 11 and 12, which show the con-
stellation of possible received phasors, if a single BPSK
interferer is superimposed upon a BPSK transmission or
a QPSK interferer corrupts a QPSK user, respectively.
Generally, the cancellation decision boundary results in
superior BER performance in comparison to the origi-
nal decision boundary without cancellation. However, as
discussed before, the boundary translation does not fully
mitigate the effects of interference. This is because as1542 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 48, NO. 5, SEPTEMBER 1999
TABLE X
MANUALLY DETERMINED SWITCHING LEVELS, IN DECIBELS,
FOR ADAPTIVE SCHEMES OVER RAYLEIGH FADING CHANNELS
EXPERIENCING COCHANNEL INTERFERENCE AND EMPLOYING INTERFERENCE
CANCELLATION,W HERE THE PERFORMANCE IS SHOWN IN FIGS.2 0AND 21
downlink channel quality on the basis of an interference-
free uplink. In other words, the uplink transmission is used
as a measure of the channel quality, in order to estimate
the conditions for the next downlink transmission and to
decide which modulation scheme should be employed—in the
absence of interference. Although this is an unlikely scenario
in a cellular environment, here this assumption is used to
allow comparison with the earlier ﬁgures. Furthermore, when
interference cancellation is employed, this situation is much
more realistic, since both the signal and interferer channels are
estimated by separate orthogonal mid-ambles, as explained in
Section IV-A, minimizing the effects of interference upon the
channel estimation.
In order to achieve the target BER’s of 1 10 and
1 10 in the presence of interference, simply using the
switching levels from Table I and employing interference
cancellation is clearly not sufﬁcient. A feasible approach to
achieving the target BER’s for both schemes across the desired
range of average channel SNR’s would be to adaptively adjust
the switching levels for different average channel SNR’s. In
other words, this would imply that the switching levels would
be varied depending upon the prevailing average channel SNR
conditions, potentially requiring increased switching thresh-
olds for maintaining the target BER at low SNR’s. We note,
however, that there would be a concomitant BPS performance
penalty. However, the drawback of this approach is that it
would involve accurate estimation of the average signal and
interference levels. Therefore, we opted for using the same
switching levels for all average channel SNR’s, but varying
them on the basis of the average interference level. The
estimation of the prevalant SIR’s is left for further study,
following the approach of Andersin [20].
In order to obtain optimum switching levels for Rayleigh
fading channels in the absence of noise and with CCI, without
employing interference cancellation, Powell optimization [18]
has been used, as in Section III-B. This has been possible,
because a numerical solution to the BER and PBS perfor-
mance of adaptive modulation was derived for these cases and
therefore iterative optimization has been feasible. However,
a full numerical solution for adaptive modulation, with an
independent cochannel interferer and cancellation, has not
been found. Therefore, the switching levels are derived by
an iterative manual technique.
The interference cancellation was simulated with the perfect
magnitude and phase estimations of the wanted signal chan-
nel and mid-amble based results for the interfering channel.
The proposed switching levels are given in Table X and the
Fig. 20. Downlink BER over a slow Rayleigh fading channel with various
SIR levels at the MS and no interference at the BS, the manually adjusted
for interference cancellation adaptive speech switching levels and interference
cancellation with perfect estimation and mid-amble estimation of the signal
and interference channels, respectively, where ￿ =0 :35:
Fig. 21. Downlink BER over a slow Rayleigh fading channel with various
SIR levels at the MS and no interference at the BS, the manually adjusted
for interference cancellation adaptive computer data switching levels and
interference cancellation with perfect estimation and mid-amble estimation
of the signal and interference channels, respectively, where ￿ =0 :35:
associated performance curves are shown in Figs. 20 and 21.
The switching levels of Table X may be compared with the re-
optimized switching levels in the presence of interference, but
without interference cancellation that were shown in Tables VI
and VII. This comparison, for the speech system, shows that
only the values are changed signiﬁcantly. In the case of 10-
dB SIR, is increased to 35 dB and at 20-dB SIR it is reduced
to 30 dB. These changes in switching levels, for the speech
system, used in conjunction with interference cancellation
allow the target BER of 1 10 to be maintained over the
range of average channel SNR’s from 0 to 50 dB and SIR’s
of 10, 20, 30, or 40 dB, which is shown in Fig. 20. This was
not the case when the switching levels from Table VI were
used, without interference cancellation, in the presence of a
single phase-noncoherent time-synchronous Rayleigh fading
interferer at SIR’s of 10 or 20 dB, as was shown in Fig. 8.
Therefore, making the modiﬁcations to mentioned above,
with respect to the reoptimized switching levels and invoking
interference cancellation implies that adaptive modulation may
be used for transmission with an average BER below 1 10
over a Rayleigh fading channel for average channel SNR’s
from 0 to 50 dB and for SIR’s of 10 dB or greater, when
considering the worst case scenario of a single interfering
adaptive modem.